The purpose of this study was to evaluate the effects of hyperbaric oxygen therapy (HBOT) on reducing neurological sequelae (NS) in patients with carbon monoxide poisoning (COP). Using a nationwide database of insurance claims in Taiwan, we conducted a population-based cohort study to identify 24,046 patients with COP diagnosed between 1999 and 2012, including 6793 (28.2%) patients who received HBOT and 17,253 (71.8%) patients who did not. We followed the two cohorts of patients and compared the occurrence of NS. The two cohorts had similar sex ratios, but patients who received HBOT were younger (34.8 ± 14.8 vs. 36.1 ± 17.2 years, p < 0.001). Patients who received HBOT had a higher risk for NS (adjusted hazard ratio [AHR]: 1.4; 95% confidence interval [CI]: 1.4-1.5), after adjusting for age, sex, underlying comorbidities (hypertension, diabetes, chronic obstructive pulmonary disease, hyperlipidemia, malignancy, coronary artery disease, congestive heart failure, liver disease, renal disease, connective tissue disease, human immunodeficiency virus [HIV] infection, and alcoholism), monthly income, suicide, drug poisoning, and acute respiratory failure. We observed similar findings when we stratified the patients by age, sex, underlying comorbidities, and monthly income. The increased risk was most prominent in the first 2 weeks (AHR: 2.4; 95% CI: 2.1-2.7) and remained significant up to 6 months later (AHR: 1.6; 95% CI: 1.4-1.7). The risk for NS was higher in patients with COP who received HBOT than in those who did not, even after considering the possible impact of longer observation periods on survivors. Further studies that included the potential confounding factors we did not measure are needed to confirm findings in this study.
Introduction
Carbon monoxide (CO) is a toxic product from the incomplete combustion of carbon-based compounds by water heaters, charcoal burning, motor vehicles, gas-powered furnaces, and other domestic or industrial fuel-burning processes [1] [2] [3] . Even a small amount of CO can cause severe tissue hypoxia because the affinity of CO for hemoglobin is about 250 times greater than that for oxygen [4] . In the United States, carbon monoxide poisoning (COP) is responsible for an estimated 50,000 emergency department visits annually and is one of the leading causes of death due to poisoning [5, 6] . In addition to accidental poisoning, COP by burning charcoal has become one of the most popular methods for suicide in recent years [7] . In Taiwan, the incidence of suicidal COP by burning charcoal increased by 25-fold between 1999 and 2009 [7] .
The suggested treatment for COP is administration of 100% normobaricoxygen (NBO) by non-rebreathing mask or endotracheal intubation [6, 8] . The additional benefit of hyperbaric oxygen therapy (HBOT) for reducing subsequent neurological sequelae (NS) has been a subject of debates [6, [9] [10] [11] . A double-blind randomized trial in 2002 reported that HBOT can reduce the risk for NS at 6 weeks and 12 months, which is the most important evidence supporting HBOT [12] . However, a meta-analysis in 2011 showed that existing randomized trials failed to prove HBOT's effect of reducing NS [9] . On the other hand, our previous study found that HBOT was associated with a substantial reduction in the mortality after COP [13] . Therefore, we conducted a nationwide population-based cohort study in Taiwan to clarify this issue.
Experimental Section

Data Source
We used the Nationwide Poisoning Database (NPD), which is a sub-database from the Taiwan National Health Insurance Research Database (NHIRD), for this study. The NPD contains all the poisoning cases, including COP, between 1999 and 2013 in Taiwan. The NHIRD encompasses data from the Taiwan National Health Insurance program, which comprises nearly 100% of the population including foreigners in this country [14] . The database of this program contains registration files and original claim data for reimbursement [14] . Large computerized databases derived from this system by the National Health Insurance Administration, Ministry of Health and Welfare, Taiwan, and maintained by the National Health Research Institutes, Taiwan, are provided to scientists in Taiwan for research purposes [14].
Identification of Patients with COP
We identified all the patients with COP by the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM): 986, E868, E952, or E982 in either hospitalization or emergency department care as one of the main diagnoses from the NPD between 1999 and 2012 ( Figure 1 ). The diagnosis of COP in Taiwan is generally based on documented CO exposure (elevated carboxyhemoglobin [COHb] levels or ambient CO concentrations) and any of the following symptoms: headache, malaise, fatigue, forgetfulness, dizziness, loss of consciousness, confusion, visual disturbances, nausea, vomiting, cardiac ischemia, or metabolic acidosis (a calculated base excess level < −2.0 mmol/L or a blood lactate level > 2.5 mmol/L). If the COHb level was <10%, the patient was eligible only if COP was the only plausible diagnosis [3, 4, 15, 16] . Regarding NS, we focused on any manifestations of impairments in concentration, language, or calculation, cognitive dysfunction, delirium, amnesia, Parkinson-like syndromes, gait disturbance, corticospinal tract signs of damage, urine and fecal incontinence, vestibular problems, depression, anxiety, or affective changes [15] . Therefore, we defined the criteria of NS as including the diagnosis of degenerative diseases of the central nervous system (ICD-9-CM: 290, 331-337), psychiatric diseases (ICD-9-CM: 293-298, 300), or other diseases of the nervous system (ICD-9-CM: 338-352) in at least one hospitalization or three occurrences of ambulatory care after COP. Because the claim diagnosis may be incorrect in the ambulatory care, we used at least three occurrences of ambulatory care to confirm the diagnosis, which has been widely used and confirmed in studies based on the NHIRD [17] . Patients who had the same diagnosis of neurological or psychiatric diseases before and after COP were excluded to ensure that the onset of NS was after the poisoning.
293-298, 300), or other diseases of the nervous system (ICD-9-CM: 338-352) in at least one hospitalization or three occurrences of ambulatory care after COP. Because the claim diagnosis may be incorrect in the ambulatory care, we used at least three occurrences of ambulatory care to confirm the diagnosis, which has been widely used and confirmed in studies based on the NHIRD [17] . Patients who had the same diagnosis of neurological or psychiatric diseases before and after COP were excluded to ensure that the onset of NS was after the poisoning. Figure 1 . Flowchart of this study. COP, carbon monoxide poisoning; HBOT, hyperbaric oxygen therapy; NS, neurological sequelae.
Definitions of Variables
In addition to COP, we included the following variables in the analysis: age, sex, underlying comorbidities, monthly income, and concomitant conditions. Age was classified into the following subgroups: <20, 20-34, 35-49, 50-64, and ≥65 years. Underlying comorbidities were defined as at least one hospitalization or three occurrences of ambulatory care of the diagnoses before COP: hypertension (ICD-9-CM 401-405), diabetes (ICD-9-CM 250), chronic obstructive pulmonary disease (COPD; ICD-9-CM 496), hyperlipidemia (ICD-9-CM 272), malignancy (ICD-9-CM 140-208), coronary artery disease (ICD-9-CM 410-414), congestive heart failure (ICD-9-CM 428), liver disease (ICD-9- 
In addition to COP, we included the following variables in the analysis: age, sex, underlying comorbidities, monthly income, and concomitant conditions. Age was classified into the following subgroups: <20, 20-34, 35-49, 50-64, and ≥65 years. Underlying comorbidities were defined as at least one hospitalization or three occurrences of ambulatory care of the diagnoses before COP: hypertension (ICD-9-CM 401-405), diabetes (ICD-9-CM 250), chronic obstructive pulmonary disease (COPD; ICD-9-CM 496), hyperlipidemia (ICD-9-CM 272), malignancy (ICD-9-CM 140-208), coronary artery disease (ICD-9-CM 410-414), congestive heart failure (ICD-9-CM 428), liver disease (ICD-9-CM 570-576), renal disease (ICD-9-CM 580-593), connective tissue disease (ICD-9-CM 710), HIV infection (ICD-9-CM 042, 079.53, V08), and alcoholism (ICD-9-CM 291, 303, 3050, 3575, 4255, 5353, 5710-5713, or V113). Monthly income was classified as <19,999, 20,000-39,999, and ≥40,000 New Taiwan Dollars (NTD) [18] . Concomitant conditions were defined as suicide (management codes 94.0 or 94.1, or ICD-9-CM E950-E959), drug poisoning (ICD-9-CM 960-989, exclusion of 986), acute respiratory failure (ICD-9-CM 518.81 or 518.84, or management codes 960, 9601, 9602, 9603, 9604, 9605, 9390, 9391, or 311), acute myocardial injury (ICD-9-CM 410), acute hepatitis (ICD-9-CM 573.3), and acute renal failure (ICD-9-CM 584 or management code 339.5) during the same episode of COP. The references for ICD-9-CM and management code can be found in the websites of Taiwan National Health Insurance Administration [19, 20] .
Comparison of the Risk for NS Between the Two Cohorts and Independent Predictors for NS
We compared the risk for NS between the two cohorts until 2013. Stratified analyses by age, sex, underlying comorbidities, monthly income, suicide, drug poisoning, acute respiratory failure, and follow-up periods were also performed to evaluate the presence of effect modification. The independent predictors for NS in the two cohorts were also investigated individually.
Ethics Statement
The Institutional Review Board at Chi-Mei Medical Center approved this study, which was conducted in strict accordance with the Declaration of Helsinki. Given that the NPD contains de-identified information, the need for informed consent from the patients was waived as it did not affect the rights or welfare of the patients.
Data Analysis
Independent t-tests for continuous variables and chi-square tests for categorical variables were used to evaluate the differences in demographic characteristics, underlying comorbidities, monthly income, and concomitant conditions between the two cohorts. Cox proportional hazard regression and Kaplan-Meier method with log-rank test were performed to compare the incidence of NS between the two cohorts. We performed additional Poisson regression analysis to evaluate the risk for NS stratified by follow-up periods between the two cohorts. Cox proportional hazard regression analysis was conducted to investigate the independent predictors for NS in the two cohorts individually. We also used propensity score matching and Cox proportional hazard regression analysis to validate the result. Because a longer survival period leads to a higher probability of developing NS, we conducted an additional analysis combining NS and death as the outcome to evaluate the possible effect. All the analyses were performed using SAS 9.4 for Windows (SAS Institute, Cary, NC, USA) at a two-tailed significance level of 0.05.
Results
A total of 24,046 COP patients, including 6793 (28.2%) patients who received HBOT and 17,253 (71.8%) patients who did not, were identified in this study (Table 1) . Patients who received HBOT were younger than those who did not (34.8 ± 14.8 years vs. 36.1 ± 17.2 years, p < 0.001). The sex ratio and monthly income did not differ between the two cohorts. Patients who received HBOT had lower prevalence of underlying comorbidities of hypertension, diabetes, hyperlipidemia, malignancy, coronary artery disease, congestive heart failure, COPD, liver disease, and alcoholism, but not other comorbidities. During the COP episode, patients who received HBOT presented higher percentages of suicide (31.2% vs. 15.3%), acute respiratory failure (9.7% vs. 6.2%), and acute renal failure (1.9% vs. 1.0%) than the patients who did not. Cox proportional hazard regression analysis showed a higher risk for NS among the patients who received HBOT than the patients who did not (adjusted hazard ratio [AHR]: 1.4; 95% confidence interval [CI]: 1.4-1.5) after adjusting for age, sex, monthly income, suicide, drug poisoning, acute respiratory failure and underlying comorbidity of hypertension, diabetes, COPD, hyperlipidemia, malignancy, coronary artery disease, congestive heart failure, liver disease, renal disease, connective tissue disease, HIV infection, and alcoholism (Table 2 ). Stratified analyses showed that the increased risk for NS in the patients who received HBOT was also significant in the five age subgroups, two sex subgroups, all subgroups defined by the underlying comorbidities except for congestive heart failure, three subgroups of monthly income, and subgroups defined by concomitant conditions of suicide, drug poisoning, and acute respiratory failure. During the follow-up period, patients who received HBOT presented the highest risk for NS in the first 2 weeks after COP (AHR: 2.4; 95% CI: 2.1-2.7), followed by 2-4 weeks (AHR: 1.6; 95% CI: 1.4-1.9) and 1-6 months (AHR: 1.6; 95% CI: 1.4-1.7). Poisson regression analysis showed similar findings: the incidence rate ratio (IRR) was the highest in 2 weeks (2.6; 95% CI: 2.3-2.9), followed by 2-4 weeks (IRR: 2.3; 95% CI: 2.0-2.7) and 1-6 months (IRR: 1.8; 95% CI: 1.7-2.0). Kaplan-Meier method with log-rank test also demonstrated a higher risk for NS in the patients who received HBOT than in the patients who did not (p < 0.0001; Figure 2 ). Propensity score matching and Cox proportional hazard regression analysis also showed patients who received HBOT had a higher risk for NS than those without (AHR: 1.4; 95% CI: 1.3-1.5) (Supplement Tables S1  and S2 ). In the additional analysis combining NS and death as the outcome, patients who received HBOT still had a higher risk than those who did not, but the difference became smaller (AHR: 1.2; 95% CI: 1.1-1.2).
Cox proportional hazard regression analysis showed a higher risk for NS among the patients who received HBOT than the patients who did not (adjusted hazard ratio [AHR]: 1.4; 95% confidence interval [CI]: 1.4-1.5) after adjusting for age, sex, monthly income, suicide, drug poisoning, acute respiratory failure and underlying comorbidity of hypertension, diabetes, COPD, hyperlipidemia, malignancy, coronary artery disease, congestive heart failure, liver disease, renal disease, connective tissue disease, HIV infection, and alcoholism (Table 2 ). Stratified analyses showed that the increased risk for NS in the patients who received HBOT was also significant in the five age subgroups, two sex subgroups, all subgroups defined by the underlying comorbidities except for congestive heart failure, three subgroups of monthly income, and subgroups defined by concomitant conditions of suicide, drug poisoning, and acute respiratory failure. During the follow-up period, patients who received HBOT presented the highest risk for NS in the first 2 weeks after COP (AHR: 2.4; 95% CI: 2.1-2.7), followed by 2-4 weeks (AHR: 1.6; 95% CI: 1.4-1.9) and 1-6 months (AHR: 1.6; 95% CI: 1.4-1.7). Poisson regression analysis showed similar findings: the incidence rate ratio (IRR) was the highest in 2 weeks (2.6; 95% CI: 2.3-2.9), followed by 2-4 weeks (IRR: 2.3; 95% CI: 2.0-2.7) and 1-6 months (IRR: 1.8; 95% CI: 1.7-2.0). Kaplan-Meier method with log-rank test also demonstrated a higher risk for NS in the patients who received HBOT than in the patients who did not (p < 0.0001; Figure 2 ). Propensity score matching and Cox proportional hazard regression analysis also showed patients who received HBOT had a higher risk for NS than those without (AHR: 1.4; 95% CI: 1.3-1.5) (Supplement Table 1 and Table 2 ). In the additional analysis combining NS and death as the outcome, patients who received HBOT still had a higher risk than those who did not, but the difference became smaller (AHR: 1.2; 95% CI: 1.1-1.2). NS, neurological sequelae; COP, carbon monoxide poisoning; HBOT, hyperbaric oxygen therapy; HR, hazard ratio; AHR, adjusted hazard ratio; CI, confidence interval; IRR, incidence rate ratio; PY, person-years; Rate, NS rate per 1000 person-years; NTD, new Taiwan dollars. * Adjusted for age, sex, underlying comorbidity of hypertension, diabetes, hyperlipidemia, malignancy, coronary artery disease, congestive heart failure, chronic obstructive pulmonary disease, liver disease, renal disease, connective tissue disease, HIV infection, alcoholism, monthly income, suicide, drug poisoning, and acute respiratory failure.
The incidence rates of degenerative diseases of the central nervous system, psychiatric diseases, and other diseases of the nervous system were 23.2, 87.8, and 57.6 per 1000 person-years in patients who received HBOT and 14.9, 59.3, and 34.9 per 1000 person-years in patients who did not receive HBOT, respectively ( Table 2 ). The AHR observed in the analysis of each subgroup of NS was similar to that observed in the overall analysis.
The independent predictors for NS in the patients who received HBOT were old age; male sex; low monthly income; underlying comorbidity of hypertension, malignancy, liver disease, and alcoholism; and concomitant conditions of suicide and acute respiratory failure (Table 3) . Except for comorbidity of hypertension, malignancy, and liver disease, they are also independent predictors for NS in the patients who did not receive HBOT (Table 3) . However, underlying comorbidity of COPD and hyperlipidemia also appeared to be independent predictors for NS in patients who did not receive HBOT. NS, neurological sequelae; COP, carbon monoxide poisoning; HBOT, hyperbaric oxygen therapy; HR, hazard ratio; AHR, adjusted hazard ratio; CI, confidence interval; NTD, new Taiwan dollars. * Adjusted for age, sex, underlying comorbidity of hypertension, diabetes, hyperlipidemia, malignancy, coronary artery disease, congestive heart failure, chronic obstructive pulmonary disease, liver disease, renal disease, connective tissue disease, HIV infection, alcoholism, monthly income, suicide, drug poisoning, and acute respiratory failure.
Discussion
This study showed that the risk for NS in the patients who received HBOT was higher than that in the patients who did not, especially in the first 6 months after poisoning. The increased risk was also found in the subgroup analyses, including those by age, sex, underlying comorbidities except for congestive heart failure, monthly income, and concomitant conditions of suicide, drug poisoning, and acute respiratory failure. The common independent predictors for NS in the two cohorts were old age, male sex, low monthly income, underlying comorbidity of alcoholism, and concomitant conditions of suicide, and acute respiratory failure.
A meta-analysis conducted in 2011 showed that existing randomized controlled trials reported conflicting results regarding HBOT vs. NBO [9] . A prospective randomized controlled trial recruiting 385 patients with acute domestic COP showed that HBOT had no benefit in patients with transient loss of consciousness and resulted in poor outcome in comatose patients [21] . The results might have been affected by the lack of blinding, loss to follow-up (at least 14% at 1 month), and the difference in the proportion of coma cases before admission. Nevertheless, a double-blind randomized controlled trial reported that HBOT had no benefit and might even have worsened the outcome [22] . While one of our previous studies showed that COP was associated with increased long-term mortality [23] , another showed that HBOT reduced long-term mortality [13] . Therefore, a possible explanation of the higher risk for NS in the patients who received HBOT was that the life-saving effect of HBOT is more prominent than its possible NS-reducing effect. In other words, HBOT might have saved the lives of some patients who were at higher risks for NS but would have passed away before developing NS if not for the HBOT. Our previous study found that HBOT was associated with an overall 36% reduction in the mortality (AHR: 0.74; 95% CI: 0.67-0.81) and that the effect was most prominent in the first 2 weeks (AHR: 0.51; 95% CI: 0.37-0.72) [13] , which is also the period with the highest mortality in the current study. However, the additional analysis that combined NS and death as the outcome demonstrated that the AHR decreased to 1.2 but was still statistically significant (95% CI: 1.1-1.2), indicating the presence of other factors. Another possible factor is that patients with a higher risk for NS were prone to receive HBOT (Table 1) in this study. The general indications for HBOT are also risk factors for NS [24] [25] [26] [27] [28] [29] [30] , and even though we have adjusted for age and comorbidities in the analyses, we were unable to adjust for all the other risk factors. As a results, patients who received HBOT had higher prevalence of having risk factors for NS in comparison with those who did not, and this would contribute to the higher incidence of NS associated with HBOT observed in this study.
The protocol for HBOT differs among studies, which might affect the outcome. The most well-known protocol for HBOT is three hyperbaric oxygen treatments including 3 atmosphere absolute (ATA) at first chamber session and 2 ATA at second and third chamber sessions within a 24 h period [12] . This protocol reduced the risk for NS at 6 weeks and 12 months after acute COP [12] . However, the double-blind randomized controlled trial might suffer from bias introduced during data analysis. The potential sources of the bias included the differences in the outcomes analyzed between the preliminary report and the final report, reassigning participants to different groups based on assumptions, and the premature termination of the trial [9] . In Taiwan, the following protocol is generally adopted, but variations exist due to the differences in facilities and staff: (1) first session within 6-24 h as soon as possible; (2) 2.5-3.0 ATA; (3) 60-120 min each session; (4) treatments of oxygen supply (non-rebreathing mask vs. endotracheal intubation) and chamber choice (monoplace vs. multiplace chamber) depending on the patient's condition and medical resource; (5) one session each day; and (6) one to five sessions in total [13, 30] . However, no studies have been conducted to compare the two protocols.
In our study, suicide was a predictor for NS in both patients who have received and not received HBOT, independent of other well-known risk factors. In the past 20 years, burning charcoal has become one of the most common methods of suicide in Taiwan and Hong Kong, contributing to a 20% increase in the overall suicide rate [31] . Patients attempting suicide might be more severely intoxicated, and thus might have worse prognosis. In the present study, low income predicted NS, which was similar to our previous finding that low income was an independent predictor of long-term mortality after COP [23] . Low income is associated with poor living environment and limited resources (such as CO detectors), which might contribute to the increased risk [32, 33] . Furthermore, low income is associated with increased poor awareness of disease prevention, less and inconvenient access to medical care, and behavioral risk factors such as smoking [34, 35] , which might also contribute to this finding in the present study.
The independent predictors of NS differed between patients who have received and not received HBOT in our study. Specifically, while both COPD (AHR: 1.5; 95% CI: 1.1-2.1) and hyperlipidemia (AHR: 1.3; 95% CI: 1.1-1.5) were independent predictors of NS in patients who did not receive HBOT, they were associated with decreased AHRs (1.0(95% CI: 0.8-1.2) for COPD and 1.0(95% CI: 0.9-1.1) for hyperlipidemia) in patients who received HBOT.
This nationwide population-based study involved a large sample size to delineate a controversial issue in clinical practice. Nonetheless, our study had some limitations. First, due to the retrospective design of this study, some unmeasured confounders such as disease severity might have affected the result, although we had adjusted for all the potential confounders for which we were able to obtain data. Hospital-based studies adjusting for these unmeasured potential confounders are needed to confirm our findings. Second, NS was defined as a new-onset neurological or psychiatric disease after COP. This definition might overestimate the occurrence of NS and dilute the effect of real neurological damage sustained during the poisoning, but it might not affect our conclusions because it should lead to random (non-differential) misclassifications. Third, we did not evaluate the severity of NS because the claim data did not include information on severity. Further study may be necessary to clarify this issue. Fourth, we did not evaluate the association between the duration before HBOT was started after establishing the diagnosis of COP and the occurrence of NS because the claim data did not include information on such durations. Fifth, although this study covered the whole nation, it may not be generalized to other nations due to the difference in race, treatment protocol, and medical resources.
Conclusions
This nationwide population-based cohort study showed that the risk for NS was higher in the COP patients who received HBOT in comparison with those who did not. Because HBOT reduces mortality, the fact that high-risk survivors tended to develop NS afterwards might contribute to the increase in the risk. Another likely contributing factor was that patients who had risk factors for NS were more likely to receive HBOT. Further prospective studies that include potential confounding factors that we did not measure are warranted to confirm our speculations on the factors contributing to the increased risk for NS. 
